We study the implications of various supersymmetric models on the rare K + → π + νν and K L → π 0 νν decays. Although large effects are possible in generic supersymmetric models, most of the known supersymmetric flavor models lead to negligible effects. Thus, it is likely that one can get information about CKM matrix elements from these decays even in the presence of supersymmetry. Moreover, the possibility of large contributions to K → πνν in generic supersymmetry models can be constrained by improved bounds on D −D mixing. We show that it may be possible to distinguish between different supersymmetric flavor models by combining the information from the K → πνν decays with that from B −B and D −D mixing.
I. INTRODUCTION
It has been realized in recent years that the flavor and CP structure of supersymmetric theories might be very rich. Measurements of flavor and CP violating processes may become a sensitive probe of the soft supersymmetry breaking parameters and, consequently, of the mechanism of dynamical supersymmetry breaking. For example, various supersymmetric flavor models give different predictions for the electric dipole moment of the neutron d N , for CP asymmetries in B decays (e.g. a ψK S , the CP asymmetry in B → ψK S ), for CP violation in D −D mixing, as well as the D −D mass difference (∆m D ) [1] . In this work we study in detail the implications of various classes of supersymmetric flavor models for the rare K → πνν decays. In particular, BR(K + → π + νν) depends on the flavor structure of the model, while the ratio
depends also on the mechanism of CP violation [2] . We show that combining the predictions for a πνν with a ψK S and ∆m D allows us to potentially discriminate between the various supersymmetric flavor models.
The K → πνν decay is generated by four fermion operators of the formsdνν. The calculation is essentially clean of hadronic uncertainties [3] [4] [5] . Defining θ to be the relative phase between the s → dνν decay amplitude and the K −K mixing amplitude, then a πνν = sin 2 θ [6] . In the Standard Model, the K −K mixing amplitude is dominated by box diagrams contribute to K + → π + νν rate, whereas the CP violating decay K L → π 0 νν only gets a contribution from the dominant top quark amplitude.) The relation between a πνν and sin 2 β is modified, but one still gets a clean determination of the CKM angle β [7] .
The K → πνν decays in supersymmetric models have been studied before [8] [9] [10] [11] . Our analysis has a different emphasis from the previous analyses:
(i) Most of these studies have analyzed models of exact universality [8, 9, 11] . (In [10] , they allowed an arbitrary flavor structure; however they did not study the contribution from chargino penguins, which we find to be the potentially dominant one.) Recently, various predictive and viable mechanisms for naturally suppressing the supersymmetric flavor violation have been suggested which do not assume exact universality. Our main focus is put on these recent models that have a much richer flavor structure.
(ii) All previous studies have only studied the K + → π + νν decay. We study also the K L → π 0 νν decay. This is important since the latter is also sensitive to the supersymmetric CP violation. Furthermore, various experimental proposals were recently made to measure this challenging mode and it is not unlikely that the rates of both decays will be known in the future. * (iii) We emphasize the theoretical strength of combining the information from a πνν and a ψK S [13] . Within the Standard Model, these two quantities are strongly correlated because they both depend on β (see Fig. 1 ). In most classes of supersymmetric flavor models, this relation is violated. Moreover, looking for deviations in the patterns of flavor physics like comparing a πνν with a ψK S is independent of the hadronic uncertainties that enter the constraints on β and, furthermore, of the effects that new physics might have on determining the CKM parameters, unlike the predictions for the rates which sensitively depend on them.
We find that most of the known supersymmetric flavor models have a negligible effect on a πνν . Therefore, a πνν is likely to give us a clean measurement of β even in the presence * Recently, first evidence for the K + → π + νν decay was presented by the E787 Collaboration [12] .
of supersymmetry. In contrast, many supersymmetric flavor models generally give large contributions to B d −B d mixing, resulting in the fact that we no longer have a ψK S = sin 2β.
While this new contribution may be hard to detect from just a comparison of a ψK S to the presently allowed range for sin 2β [14] , it is likely to be signalled by comparing to the range that will be allowed by a measurement of a πνν .
We further note that it is possible to generate large corrections to the K → πνν decay rates and to a πνν in R parity conserving models if one allows an arbitrary flavor structure in the supersymmetric sector. However, in this case, large contributions to the K → πνν The dominant new contributions to the K → πνν decays in supersymmetric models come from Z-mediated penguin diagrams, with supersymmetric particles inducing the effectivē sdZ coupling. Integrating out the Z, leads to the relevantsdνν four fermion operator.
The analysis is simplified by noting the following points.
1. The effect is always proportional to SU(2) L breaking. In the absence of SU(2) L breaking, the corrections to the A closely related calculation is that of the supersymmetric contributions to the effective bbZ coupling. Theoretically, both vertices have exactly the same structure (modulo their dependence on different flavor mixing matrix elements), one difference being that the effective bbZ vertex for R b is evaluated at s = M 2 Z , whereas the sdZ vertex relevant for K → πνν is to be evaluated at s = 0. Thus, it may be possible in some models to constrain possible new contributions to one from the other observable.
These observations lead to the following expectations:
(i) There is a potentially non-negligible contribution from the charged Higgs -top loop [17] . This contribution is proportional to the top quark mass squared. It can reach ∼ 15% of the Standard Model amplitude for tan β ∼ 1, and a charged Higgs mass m H + ∼ 300 GeV.
This contribution can be enhanced by either smaller values of tan β or a smaller charged
Higgs mass. However, such an enhancement is disallowed by its correlated contribution to the b L b L Z vertex resulting in a large negative correction to R b [18, 19] . It is also disfavored by constraints from the b → sγ decay rate [20] . Although both of these constraints can be avoided by invoking cancellations with chargino-squark diagrams, significant cancella- (ii) Gluino -down squark penguins are negligible. To get a non-decoupling contribution 
Secondly that the effective second family to first family (2 → 1) flavor changing transition in the up-type squark mass matrix required for the K → πνν decay in many cases also leads to large D −D mixing from box diagrams with gluinos and the up-type squarks.
In our calculations we use the results of [18] (appropriately generalized to allow for arbitrary flavor structure) to calculate the effectivesdZ coupling. We have checked that We collect the results above in Table 1 . The constraints quoted in this table are imposed by demanding the supersymmetric contribution to measured quantities to be less than (a factor of two) the Standard Model contribution and to quantities where only an upper bound exists to be less than this bound. Moreover, in a recent publication [24] , the effects of large off-diagonal (LR) entries in the up-type squark mass matrix have been considered, and shown to result in potentially large contributions to K → πνν. In the specific models discussed below, however, these effects are small.
Before concluding this section let us emphasize that the considerations above generically obtain from these the corrections to the K + → π + νν decay rate (i.e. it is proportional to the absolute value squared), the rate for the K L → π 0 νν decay depends also on the CP structure of the model (i.e. it is proportional to the imaginary part squared). In particular, the ratio a πνν , defined in Eq. (1.1), is sensitive to the supersymmetric CP violation and, in many cases, only weakly dependent on the flavor violation.
III. SUPERSYMMETRIC FLAVOR MODELS
In this section, we apply the above general analysis to specific classes of models. The classification of models is explained in detail in ref. [1] . This was discussed early in the paper. The contribution to the K → πνν amplitudes could reach 10% for very light super particle masses. There is no significant effect on any of the other observables.
(ii) Approximate CP: The supersymmetric CP problems are solved if CP is an approximate symmetry broken by a small parameter of order 10 −3 . The flavor structure of this class of models is not well defined. If we just assume that the flavor violations could saturate the upper bounds from FCNC processes, then all of the observables above could get significant contributions. In particular, there could be a strong enhancement of BR(
However, since all CP violation is of order ε K ∼ 10 −3 , BR(K L → π 0 νν) will not be similarly enhanced. Instead, we expect a πνν ∼ 10 −3 . CP violation in B and D decays is also expected to be of order 10 −3 .
(iii) Abelian H (alignment):
The squark mass-squared matrices have a structure, but they have a reason to be approximately diagonal in the basis set by the quark mass matrix. This is achieved in models of Abelian horizontal symmetries [25] [26] [27] . In these models (m then a large contribution to the K + → π + νν rate is predicted. This could lead to either enhancement or suppression, depending on the sign of the supersymmetric amplitude. However, in such a case, the new contribution is essentially in phase with the K −K mixing amplitude (to satisfy the ε K constraint). Consequently, K L → π 0 νν will not be affected:
it will get contributions from the Standard Model diagrams only. In all existing models of alignment, the situation is different. The ε K problem is solved by an almost exact cancel- (iv) Non-Abelian H (approximate universality): A non-Abelian horizontal symmetry is imposed, where quarks of the light two families fit into an irreducible doublet. The resulting splitting among the squarks of these families is very small, leading to essentially no flavor violation in the (LL) 12 sector. The third family supermultiplets are, however, in singlets of the horizontal symmetry allowing for much larger flavor violating effects. We have examined several models of this type [28] [29] [30] . We find that, similarly to the models of Abelian horizontal symmetries discussed above, the mixing between the third generation and the first two is not of order one but rather of the order of the corresponding CKM elements: 
3)
The ratio mQ TeV. But then some extra ingredients are required to explain the smallness of ε K in K −K mixing.)
IV. DISCUSSION AND COMMENTS
The situation of K → πνν decays in supersymmetric models is very interesting. It is possible to construct models where there are significant new contributions to these modes.
However, these models have in general a rather contrived flavor structure and, moreover, problem is solved by small phases, then a situation similar to models of approximate CP might arise. The effect on the K → πνν decays is generally small.
Based on this discussion, we list in Table 2 we do not mean that they are equal but rather that they are consistent with the same value of β, namely within the allowed range of Fig. 1 . A blank entry implies that there is no specific prediction.
us to unambiguously detect new contributions to B −B mixing. 
